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ures 2A and 2B plot observers’ performance in this ex-Christopher P. Benton1,* and William Curran2
1Department of Experimental Psychology periment. It is clear from these data that the speed tuning
of direction repulsion describes an inverted U-function,University of Bristol
8 Woodland Road with both observers’ data being well described by a log-
Gaussian function.Bristol, BS8 1TN
United Kingdom
2 School of Psychology Experiment 2: Global Motion Predicts Repulsion
David Keir Building The single-speed distractor sets used in the previous
Queen’s University Belfast experiment were replaced with mixed-speed distractors
Belfast, BT7 1NN that contained a “speed notch” of 0, 4, 8, or 11.25 deg/s
United Kingdom (Figure 3). A speed notch is simply a gap in the middle
of the speed distribution. Previous research has shown
that the perceived global speed of a mixed-speed stimu-
Summary lus lies close to the mean of the component speeds [9].
If repulsion occurs after global-motion extraction, then
When viewing two superimposed, translating sets of it follows that repulsion magnitude will be determined by
dots moving in different directions, one overestimates the global speed of the distractor. Furthermore, because
direction difference. This phenomenon of direction re- the mean speed of the distractor is identical for each
pulsion is thought to be driven by inhibitory interac- speed notch, varying the speed notch size should have
tions between directionally tuned motion detectors no effect on repulsion magnitude.
[1, 2]. However, there is disagreement on where this Additionally, we used an adaptive method of con-
occurs—at early stages of motion processing [1, 3], stants paradigm to measure the perceived speed of
when local motions are extracted; or at the later, global the zero speed-notch distractor described above. As
motion-processing stage following “pooling” of these anticipated, perceived speed (6.7 and 7.1 deg/s for W.C
local measures [4–6]. These two stages of motion pro- and CB, respectively) lay close to its mean speed (6.88
cessing have been identified as occurring in area V1 deg/s). The filled triangle in Figures 2A and 2B plots
and the human homolog of macaque MT/V5, respec- direction repulsion induced by a zero speed-notch dis-
tively [7, 8]. We designed experiments in which local tractor against the perceived speed of the distractor.
and global predictions of repulsion are pitted against For both observers, the repulsion magnitude lies close
one another. Our stimuli contained a target set of dots, to the speed-tuning function measured in our first exper-
moving at a uniform speed, superimposed on a iment.
“mixed-speed” distractor set. Because the perceived Figures 2C and 2D plot direction repulsion as a func-
speed of a mixed-speed stimulus is equal to the dots’ tion of the distractor’s speed-notch width. The data re-
average speed [9], a global-processing account of di- veal that repulsion magnitude remains constant across
rection repulsion predicts that repulsion magnitude all four speed-notch conditions and lies close to the
induced by a mixed-speed distractor will be indistin- predicted global repulsion (dotted line).
guishable from that induced by a single-speed dis-
tractor moving at the same mean speed. This is exactly
A Local-Motion Accountwhat we found. These results provide compelling evi-
On the face of it, the results described above appear todence that global-motion interactions play a major
support a global-processing account of direction repul-role in driving direction repulsion.
sion. However, it might be useful to determine what
pattern of results would be expected if direction repul-
Results sion occurred prior to global-motion extraction. In this
local-processing scenario inhibitory interactions occur
Experiment 1: An Inverted-U Function between spatially adjacent dots, with each translating
for Motion Repulsion dot in the distractor set repulsing nearby target dots. If
In this experiment we gathered speed-tuning functions, the distractor contains dots at a number of speeds, then
which we then used to predict the responses of local the target dots will be repulsed over a number of angles.
and global models of direction repulsion. We measured A global-motion process would then be applied to these
the direction repulsion of a target motion as a function of local-direction measures.
distractor motion speed (see Figure 1 and Experimental We know that the global motion of random dot stimuli
Procedures). Stimuli consisted of sequences of two su- containing multiple directions of motion appears to
perimposed translating sets (target and distractor) of move in the vector average direction [10, 11]. One might
isotropic Laplacian-of-Guassian elements. The target reasonably propose that perceived target repulsion is
set moved at a speed of 2.5 deg/s, and the distractor’s simply the vector average of the local-repulsion mea-
speed was drawn from the range 0.625–15 deg/s. Fig- sures. In our first experiment the dots within a distractor
all moved at the same speed. Within a local-repulsion
model, perceived target repulsion must equal local re-*Correspondence: chris.benton@bristol.ac.uk
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sible target repulsion in the local-processing account
of direction repulsion. The dashed lines in Figures 2C
and 2D show the predicted maximum local repulsion
for each subject.
In general, our results lie under the curve for the pre-
dicted maximum local repulsion. Although we therefore
provide good evidence against the seemingly reason-
able vector average model, it is possible that the results
might largely be accounted for by some weighted aver-
age model.
Experiment 3: Evidence against a Local-Motion Account
In our final experiment we devised a stimulus to test the
maximum local-repulsion account. As before, the target
set moved at 2.5 deg/s. It was combined with one of
three distractor sets, each of which contained just two
speeds: 2.5 and 10 deg/s, 1.25 and 12.5 deg/s, or 0.625
and 15 deg/s. If repulsion is a local process, then the
maximum possible repulsion of the target motion is de-
termined by which of the two speeds in the mixed-speed
distractor induces the greatest repulsion. By pairing dis-
tractor speeds actually used in our first experiment, we
can make accurate predictions of repulsion magnitude
Figure 1. Schematic Representation Showing the Four Different
based on this model.Stimulus Configurations
Repulsion magnitudes induced by the three speed-
Arrows represent the directions of target and distractor motion. In
paired distractors are plotted in Figure 4 (filled triangles).all cases the target motion is represented by the arrow that lies
Included for comparison are data from our first experi-closest to the vertical. (A and B) Stimuli used to measure the anti-
clockwise offset necessary to determine the point at which the target ment (filled circles) showing the maximum repulsion
motion appears to be vertical with (A) the upward target and (B) the generated by the individual speeds in each pair. Both
downward target. observers show the same pattern of results; repulsion
(C and D) Stimuli used to measure the clockwise offset necessary magnitude induced by each speed-paired distractor is
to determine the point at which the target motion appears to be
consistently greater than the maximum repulsion in-vertical with (C) the upward target and (D) the downward target.
duced by the individual speeds. Analysis of varianceTaking the mean of the absolute values of the anticlockwise offset
and the clockwise offset allows one to factor out perceptual biases shows this difference to be significant [F(1,22)  25.3
from the vertical. Within each stimulus type (either anticlockwise or and 66.49 for CB and WC, respectively; p  0.001].
clockwise), the target direction (upward or downward) was ran- These results undermine a local-motion account of di-
domized. rection repulsion. Clearly, some process other than (or
in addition to) local-motion interactions must play a part
in direction repulsion.pulsion for single-speed distractors. From the inverted
U-shaped curves measured in our first experiment, we The two-speed distractors, in the absence of the tar-
get, are clearly perceived as transparent. With these,can therefore predict the local repulsion caused by each
of the dots within a mixed-speed distractor, and we can one might expect repulsion to be driven by the speeds
of the individual components rather than the speed ofsubsequently calculate the vector average. The solid
lines in Figures 2C and 2D show the predicted vector the pattern as a whole. If this were the case, it would
seem reasonable to propose that target repulsion wouldaverage local repulsion for each observer.
It is clear that our repulsion measures for the present be some (possibly weighted) average of the repulsion
of the components. Our results, however, show thatexperiment lie above the predictions of the vector aver-
age local-repulsion model. Additionally, predicted repul- repulsion is greater than that which can adequately be
accounted for by component-based repulsion. Indeed,sion falls off with increases in the size of the speed
notch, whereas the actual repulsion remains constant. direction repulsion lies close to that predicted by a
global model in which repulsion magnitude is deter-Although our data would seem to disprove this particular
instantiation of a local-repulsion model, it may be the mined by the mean global speed of the distractor (dotted
line in Figure 3). This apparent anomaly may be ex-case that the vector average of local repulsion is an
inappropriate calculation. Certain local repulsions might plained by the finding that observers cannot perceive
more than two global motions simultaneously in a multi-be weighted more heavily than others in the calculation
of total target repulsion. However, even when weighting transparency motion display [12]. When observers are
faced with stimuli containing more than two global mo-is incorporated, perceived target repulsion cannot be
greater than the largest predicted local repulsion occurring tions, as in this experiment, it may be that the two mo-
tions registered by the visual system are the targetwithin the stimulus. Again, from the inverted U-shaped
tuning curves measured in our first experiment, we can motion and the vector average of the two global dis-
tractor motions. Indeed, it was our experience that,calculate the maximum local repulsion for each mixed-
speed distractor. This forms the upper envelope of pos- when concentrating on identifying the target motion’s
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Figure 2. Results from Experiments 1 and 2
(A and B) Repulsion magnitude plotted as a function of distractor speed. The target speed was 2.5 deg/s, and the distractor speed was set
to 0.625, 1.25, 2.5, 5.0, 7.5, 10.0, 12.5, or 15.0 deg/s. Filled circles show results from experiment 1. The solid line shows a log Gaussian fitted
to these data. Filled triangles show a plot of repulsion for the zero speed-notch condition in experiment 2 against the perceived speed of the
distractor. Each data point is the mean of four measures of direction repulsion. Error bars indicate standard error.
(C and D) Results from experiment 2. Repulsion magnitude is plotted as a function of speed notch. The distractor set contained speeds evenly
spread between 1.25 and 12.5 deg/s, with a gap (speed notch) in the center of the distribution. The speed notch had a width of 0, 4, 8, or
11.25 deg/s. The solid line shows the prediction of the vector average local repulsion model, the dashed line shows predicted maximum local
repulsion, and the dotted line shows the predicted global repulsion. Note that experiments 1 and 2 were interleaved together in a fully
counterbalanced design. Points plotted on the graphs show the mean of eight measures of direction repulsion.
direction, one was largely unaware of the speed compo- units involved in local-motion processing. These units
nents in the distractor motion. Although discussed sepa- are described as monocular and as having compara-
rately, the speed notch and single-speed distractors tively small receptive fields, and they can be identified
from experiments 1 and 2 were randomly interleaved. as occurring in primary visual cortex. In contrast, Wilson
During these trials one often did not know which particu- and Kim [4–6] propose that direction repulsion is a con-
lar condition was being tested. It seems that, when at- sequence of inhibitory interactions between pattern unit
tending fully to the target, one appears to process (and detectors. Physiological studies have identified primate
experience) the two-speed distractors as a single unified middle temporal (MT) neurons that have response char-
plane rather than as two transparent planes. acteristics similar to the model’s pattern units [14, 15].
Thus, Wilson et al.’s model predicts that direction repul-
sion is a consequence of inhibitory interactions betweenDiscussion
MT neurons. Given the evidence that MT neurons inte-
grate motion signals over relatively large spatial areasTo date there has been disagreement as to the stage
[16–19], the model suggests that direction repulsionof motion processing, local or global, at which direction
should occur after the integration of local motions.repulsion occurs. This uncertainty is reflected in the
The combined results of our experiments provideneural modeling literature, in which models of direction
strong evidence that direction repulsion is not simply arepulsion fall into both camps. For example, in Blake et
consequence of local interactions between individualal.’s model [3, 13] direction repulsion is generated by
inhibitory interactions at the level of motion-sensitive moving elements. Rather, the data suggest that averag-
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Figure 3. Schematic Representation of Distractor Velocities in the Speed Notch Experiment
Each dot within the distractor was assigned a velocity, which it kept for the duration of the stimulus. The dot speeds were evenly spread over
the gray speed ranges shown in the figure. A distractor with a speed range of 1.25 to 12.5 deg/s and a speed notch of 4 deg/s would contain
element speeds evenly spread between 1.25 and 4.88 deg/s and between 8.88 and 12.5 deg/s.
ing of local speeds (a global-motion process) occurs current knowledge of the functional architecture of the
human motion-processing system, strongly imply thatprior to direction repulsion. There is considerable evi-
dence that motion processing is a hierarchical process direction repulsion is dependent upon interactions be-
tween directionally tuned neurons either within or beyondin which the initial extraction of local motion measures
is followed by the “pooling” of these measures at a later human MT/V5. These findings clearly support those mod-
els in which interactions between global motion unitsglobal-processing stage [20–22]. Local-motion extrac-
tion is associated with directionally selective cells in the drive direction repulsion.
primary visual cortex, whereas global-motion extraction
is associated with processing in the human homolog of Experimental Procedures
macaque motion-processing area MT/V5 [7, 8]. Although
Stimuli were presented to subject W.C. on a Sony GDM-F500Rour results do not directly identify the cortical level at
monitor. Mean luminance was 72.6 cd/m2 , and viewing distancewhich direction repulsion occurs, they do identify a func-
was 113 cm. Stimuli were presented to subject C.B. on a Sony CPD-tional requirement necessary for it to occur. That is,
G500 monitor. Mean luminance was 58.3 cd/m2 , and the viewing
motion detection mechanisms involved in direction re- distance was 138.5 cm. We chose viewing distances that would
pulsion must be sensitive to the global motion of ensure that the stimuli subtended the same visual angle for each
subject on the different experimental set-ups. Each monitor was“pooled” local motions. Our findings, in the context of
Figure 4. Results from Experiment 3
Filled triangles show repulsion magnitude induced by binary-speed distractors. In this instance the speed notch gives the gap between the
two speeds within the distractor (smallest speed notch, 2.5 and 10 deg/s; middle speed notch, 1.25 & 12.5 deg/s; largest speed notch, 0.625
and 15 deg/s). Data from the 11.25 speed notch condition are taken from the same condition in Experiment 2. Filled circles show the maximum
repulsion from each pair of speeds (from Experiment 1). The dotted line shows the predicted global repulsion. Each data point is the mean
of four measures of direction repulsion.
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driven by a Cambridge Research Systems VSG 2/5 graphics board 14. Movshon, J.A., Adelson, E.H., Gizzi, M.S., and Newsome, W.T.
(1986). The analysis of moving visual patterns. Exp. Brain. Res.at a framerate of 80 Hz. Stimuli consisted of 27-frame movie se-
quences, of 338 ms duration, with a central fixation spot. The movie Suppl. 11, 117–152.
15. Albright, T.D. (1992). Form-cue invariant motion processing insequence depicted two superimposed, moving sets of isotropic
Laplacian-of-Guassians (LOGs): primate visual cortex. Science 255, 1141–1143.
16. Albright, T.D., and Desimone, R. (1987). Local precision of visuo-






caque. Exp. Brain Res. 65, 582–592.
17. Raiguel, S., Van Hulle, M.M., Xiao, D.K., Marcar, V.L., and Orban,
With   0.1. Each micro-pattern had a peak spatial frequency of G.A. (1995). Shape and spatial distribution of receptive fields
approximately 3.8 c/deg. At the start of a sequence, the polarity of and antagonistic motion surrounds in the middle temporal area
each LOG function was randomly assigned. The contrast of the (V5) of the macaque. Eur. J. Neurosci. 7, 2064–2082.
patterns was expressed as a proportional maximum deviation from 18. Tanaka, K., Hilosaka, K., Saito, H., Yukie, M., Fukaka, Y., and
mean luminance and was 0.3. The directions of the target and dis- Iwai, E. (1986). Analysis of local and wide-field movements in
tractor sets differed by 60. Stimuli were presented within a circular the superior temporal visual areas of the macaque monkey. J.
aperture (area  19.72 deg2 ), and micropattern density was 8.8 Neurosci. 6, 134–144.
elements per deg2 . Target set speed remained fixed at 2.5 deg/s. 19. Movshon, J.A., and Newsome, W.T. (1996). Visual reponse prop-
The target set always moved in a direction closer to vertical (up- erties of striate cortical neurons projecting to area MT in ma-
wards or downwards) relative to the distractor set, which, in turn, caque monkeys. J. Neurosci. 16, 7733–7741.
moved in a direction either 60 clockwise or 60 counterclockwise 20. Adelson, E.H., and Moshon, J.A. (1982). Phenomenal coherence
relative to the target set. Observers identified whether the target of moving visual patterns. Nature 300, 523–525.
motion was running to the left or right of vertical. The target and 21. Albright, T.D. (1984). Direction & orientation selectivity of neu-
distractor motion directions were chosen by an adaptive method- rons in visual area MT of the macaque. J. Neurophysiol. 52,
of-constants procedure (adaptive probit estimation), a method that 1106–1130.
dynamically updates the set of stimuli being presented depending 22. Welch, L. (1989). The perception of moving plaids reveals two
on the observer’s previous responses [23, 24]. The stimulus values motion-processing stages. Nature 337, 734–736.
are selected to optimize the estimation of the “point of subjective 23. Watt, R.J., and Andrews, D.P. (1981). APE: adaptive probit esti-
equality” (PSE), in our case the direction of the target set when it mation of psychometric functions. Curr. Psychol. Rev. 1,
was perceived as moving in a vertical direction. Each block of trials 205–214.
generated two psychometric functions per condition, one for each 24. Treutwein, B. (1995). Adaptive psychophysical procedures. Vi-
distractor direction (clockwise/anti-clockwise) relative to the target. sion Res. 35, 2503–2522.
The observer’s PSE was taken as the average of the PSEs generated
by the two psychometric functions, thus controlling for any potential
difference between objective and subjective measures of vertical.
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